propiverine treatment affects the trafficking and/or degradation of peroxisomal proteins such as DAAO and catalase by a so far unique and unknown mechanism. 
Introduction
In Europe and the USA, about 15 % of adults suffer from overactive bladder (OAB) (Abrams and Andersson 2007) . The International Continence Society defines symptoms of overactive bladder with urgency, urinary frequency, nocturia and urge incontinence (Wein 2011) . Nowadays, increasing overweight and obesity are problematic since a positive correlation of weight and the extent of urinary incontinence has been reported (Subak et al. 2009 ). Propiverine is one of six anticholinergics which are recommended by the Committee on Pharmacological Treatment for the treatment of OAB (Madersbacher and Mürtz 2001) . Upon oral administration to humans, propiverine is rapidly absorbed and undergoes extensive first-pass metabolism in the liver (Haustein and Huller 1988) . The major hepatic metabolite formed is propiverine-N-oxide (Wuest et al. 2006) (Fig. 1) .
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Propiverine-N-oxide was also found to be the major metabolite formed in rats when administered orally, thus suggesting a similar pharmacological handling in humans and rats (Yamada et al. 2010) . In order to attain drug approval for propiverine in Japan and later in the EU, preclinical testing was carried out in mice, rats and dogs (Inoue et al. 1989; Kohda et al. 1989; Nakano et al. 1989; Yamashita et al. 1989 Yamashita et al. , 1990 . In both the 13-and 52-week oral dosing study, rats presented with striking renal pathological changes: Propiverine treatment resulted in prominent protein accumulation in the cytosol and nuclei of proximal tubule epithelial cells Yamashita et al. 1990 ). These protein accumulations were more pronounced in males than in females, but did not result in overt cytotoxicity nor in secondary downstream pathological changes in the kidney (Yamashita et al. 1990 ). Contrary to the findings in rats, no such renal protein accumulation was observed in propiverine-exposed mice or dogs (Inoue et al. 1989; Kohda et al. 1989 ). Subsequently, the accumulated protein was isolated and characterized thereby suggesting the predominant accumulation of the protein d-amino acid oxidase (DAAO, EC 1.4.3.3) (Dietrich et al. 2008) . DAAO is a FAD-dependent peroxisomal flavoenzyme that catalyzes the stereoselective oxidative deamination of d-amino acids to their α-keto acids, hydrogen peroxide and ammonia (Pilone 2000; Sacchi et al. 2012) . In peroxisomes, catalase subsequently ensures for the rapid elimination of the highly reactive hydrogen peroxide (Usuda et al. 1986; Pollegioni et al. 2007 ). Mammalian DAAO is expressed in kidney, liver and brain (descending order of expression level), whereby mice represent an exception as no hepatic expression was detected (Pollegioni et al. 2007; Konno et al. 2009 ). Rat DAAO (rDAAO) shares 93 and 80 % sequence identity with mouse DAAO (mDAAO) and human (hDAAO), respectively (Konno 1998) ; nonetheless, rDAAO differs significantly from the human counterpart regarding structural, biochemical and kinetic properties: (1) rDAAO consists of 346 amino (38.8 kDa), whereas hDAAO consists of 347 amino acid residues (39.5 kDa) (Konno 1998) , (2) rDAAO is a monomer in the concentration range 1-20 mg/mL (Frattini et al. 2011 ) while hDAAO is a stable dimer (Molla et al. 2006) , (3) rDAAO shows lower kinetic efficiency and a different substrate specificity as compared to the human counterpart (Frattini et al. 2011) , and, most importantly, (4) rDAAO and hDAAO differ in affinity for the binding of classical inhibitors (Molla et al. 2006; Caldinelli et al. 2010; Frattini et al. 2011) .
Intriguingly, strong evidence is provided that not only propiverine, but also a norepinephrine/serotonin reuptake inhibitor (NSRI) and other non-classified pharmaceuticals provoke intranuclear and -cytoplasmic DAAO accumulation in rat kidney (Gopinath et al. 1987; Hard et al. 1999; Radi et al. 2013) . The above information on rDAAO characteristics and the finding that DAAO accumulation was exclusively observed in rat kidney upon treatment with propiverine or other compounds suggest that DAAO accumulation is a tissue-and species-specific phenomenon. Indeed, the latter assumption is also supported by the finding that spontaneous DAAO accumulation can be observed in a small percentage of Wistar Hannover rats (Shimoyama et al. 2014) .
The DAAO accumulation in rat kidney appears similar to the well-described hyaline droplet nephropathy in male rats (Swenberg et al. 1989; Dietrich and Rasonyi 1995) . This nephropathy is characterized by the renal proximal tubule epithelial accumulation of α2-urinary globulin, a fatty acid-binding protein synthesized exclusively in the liver of male rats and reabsorbed in the renal proximal tubules. The accumulation of α2u-globulin is governed by the reversible binding of compounds or their metabolites, resulting in slower enzymatic degradation of α2u-globulin (Swenberg et al. 1989; Lehman-McKeeman et al. 1990; Frazier et al. 2012) . Of note, the analogous mouse urinary protein (MUP) does not bind the α2u-binding compounds nor does it accumulate in the renal proximal tubules of mice (Dietrich and Rasonyi 1995) , reminiscent of the situation described for the species-specific propiverine-induced rDAAO accumulation. Similar to rDAAO but more accentuated, α2u-globulin leads to renal protein overload already under normal physiological conditions (Read 1991; Shimoyama et al. 2014) . However, while reduced enzymatic metabolism of α2u-globulin exacerbates only the accumulation in the lysosomes of the renal proximal tubules, exacerbated propiverine-induced rDAAO accumulation occurs in the cytosol and the nuclei of the renal proximal tubules (Cuervo et al. 1999; Dietrich et al. 2008) . We thus raised the question whether compound interaction could affect rDAAO structure resulting in impaired protein degradation and/or targeting. Indeed, proteasomes are located both in the nuclei and the cytosol (Reits et al. 1997; Lee and Goldberg 1998; Wójcik and DeMartino 2003; von Mikecz 2006) . Moreover, there is strong evidence that the subcellular localization of proteins is subject to significant alterations under particular stress conditions. Accordingly, during proteotoxic stress several proteins such as cell cycle-related proteins, Fig. 1 Chemical structure of propiverine (left) and its major hepatic metabolite propiverine-N-oxide (right) (May et al. 2008) transcription-coupled proteins and mitochondrial proteins but also chaperones are known to accumulate in nuclei upon proteasome inhibition (Iwata et al. 2009; Latonen 2011; Latonen et al. 2011) . We thus investigated whether propiverine and its major metabolite could inhibit proteasomal activity and/or proper DAAO translocation into the peroxisomes. Consequently, we performed in vitro experiments with recombinant proteins to determine whether propiverine or propiverine-N-oxide acts as DAAO ligands and induces changes in DAAO structure/conformation. Applying immunofluorescence techniques to rat kidney sections of propiverine-treated animals, we specified the subcellular localization of rDAAO accumulations, investigated whether rDAAO accumulations affect peroxisomal morphology and whether accumulations are a potential resultant of abrogated protein trafficking.
Materials and methods

Chemicals and reagents
Unless otherwise stated, all chemicals were purchased form Sigma-Aldrich GmbH, Germany.
Recombinant proteins
Recombinant rDAAO and hDAAO were expressed in BL21(DE3)Star E. coli strain and purified as previously reported in (Frattini et al. 2011 ) and (Molla et al. 2006 ), respectively.
Spectral analyses
All spectroscopic experiments were performed at 15 °C in 20 mM Tris-HCl (pH 8.0), 10 % glycerol and 5 mM 2-mercaptoethanol. Ligand-binding experiments were performed by adding small volumes (1-10 μL) of concentrated stock solutions of ligands to samples containing 1 mL of 10 μM enzyme and monitoring the spectral changes between 250 and 800 nm (Harris et al. 1999) . Near-UV CD spectra (250-350 nm) were recorded on a Jasco J-810 spectropolarimeter (cell path = 1 cm) and analyzed using JASCO software (Jasco Europe, Italy) (Caldinelli et al. 2005) .
Experimental design of the in vivo study
In brief, male and female F344 rats were exposed for 16 weeks to 0, 300 or 1000 ppm propiverine in the diet (fed ad libitum), upon which they were sacrificed and kidneys were taken for pathological assessment via formaldehyde fixation paraffin embedding (FFPE) with subsequent sectioning, as described in detail in (Dietrich et al. 2008) .
Immunohistochemistry
Archived FFPE samples of dietary propiverine-exposed male F344 rats were cut to 2-3 µm and mounted on glass slides. Sections were deparaffinized, rehydrated and microwaved for 20 min in Tris-EDTA buffer (pH 9). After blocking for 20 min in 1 % BSA + 2 % FCS, sections were incubated overnight at 4 °C with primary antibodies against DAAO (Santa Cruz, #sc-26077) plus ABCD3 (Sigma, #HPA032027), catalase (Santa Cruz, #sc50508 (Fig. 4) or Life Technology, #A21987 (Suppl. Fig. 1 )), LAMP2 (Bioss, #bs-2379R), α2u-globulin (Santa Cruz, #sc374075) or 20S proteasome (Abcam, #ac109525). Subsequently, sections were probed for 1 h at room temperature with AlexaFluor-conjugated secondary antibodies (Life Technology) and stained for 25 min with 0.5 % Sudan black B to reduce autofluorescence (Sun et al. 2011) . Sections were finally counterstained using Hoechst 33342 and mounted with fluorescence mounting medium (Dako, #S3023). Control stainings (without primary and secondary antibodies, respectively) were performed to rule out the possibility of nonspecific reactivity of the antibodies.
Confocal microscopy
Immunostained kidney sections were analyzed with a point laser scanning confocal microscope (Zeiss, LSM 780), equipped with a 63×/1.4 oil objective and using the ImageJ software (NIH, version 1.49). Mean intensities and counts were quantified in sections from a minimum of three different animals per dose group. For quantification of nuclear sizes, the maximum width (optimal plane using z-stack analysis) of the nuclei was verified and then measured using ImageJ. Similarly, the relative peroxisomal size was defined as the ratio of fluorescence area to number of particle counts per visual field. For counting particles, we adjusted the threshold using Otsu's algorithm, filled holes and applied a watershed-segmentation. At least three representative visual fields from each slide were randomly selected. Each visual field contained four to seven tubules.
Proteasome activity assay
A cell-free in vitro proteasome assay was used to test for impairment of the murine, human and rat 20S constitutive proteasome by propiverine (25 mM stock) or its major metabolite propiverine-N-oxide (25 mM stock). Murine and human constitutive proteasomes as well as the substrates Suc-Leu-Leu-Val-Tyr-AMC (AMC, 100 µM), Z-Leu-LeuGlu-βNA (βNA, 100 µM) for the chymotrypsin-like activity and the caspase-like activity of the proteasome were kindly provided by Dr. Sonja Erath, University of Konstanz. Rat constitutive proteasome was obtained from R&D
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Systems (E-352-050). Proteasome activity was assessed as previously described, with minor variations (Erath and Groettrup 2014) . Briefly, 85 ng of proteasome was incubated with 25 μL of propiverine, propiverine-N-oxide or 4 µL of MG132 (10 mM stock) for 30 min at 37 °C. Subsequently, 25 μL AMC or βNA substrate was added and incubated for 60 min at 37 °C. Finally, fluorescence was measured using a Tecan microplate reader with an optimal signal amplification. AMC was excited at 360 nm and emitted at 465 nm, βNA was excited at 340 nm, and fluorescence was read at 411 nm. The fluorescence of propiverine/propiverine-N-oxide and any of the other reagents was tested to exclude interference with fluorescent readings of the proteasome assay.
Statistical data analysis
All statistical analyses were performed using GraphPad Prism 5.03 software. Data were presented as mean ± SEM. Statistical differences to the control were determined using a one-way ANOVA with a Dunnett's post-test.
Results
Recombinant DAAO properties are unaffected by propiverine
Propiverine provokes massive protein accumulation of d-amino acid oxidase (DAAO) in the cytosol and nucleus in renal proximal tubule cells of rats. The mechanisms underlying the observed process are so far poorly understood. However, a similar process, the accumulation of α2u-globulin, is a well-described phenomenon in rat kidney that is caused by the reversible binding of chemicals to α2u-globulin resulting in a decreased degradation of the protein (Swenberg et al. 1989 ). Thus, we first evaluated the ability of propiverine or propiverine-N-oxide to interact with recombinant rat DAAO (rDAAO). We performed spectral analyses using the recombinant rat and human (hDAAO) proteins, since it is well documented that the binding of ligands in the active site of the flavoenzyme yields to concentration-dependent perturbations of the visible absorbance spectrum (Harris et al. 1999; Molla et al. 2006; Frattini et al. 2011) . Notably, only minimal changes in the spectrum were observed following the titration with both propiverine and propiverine-N-oxide, suggesting that neither of the two compounds is an rDAAO ligand (Fig. 2I,  II) . Note that minor changes in the differential spectrum for propiverine-N-oxide are not concentration-dependent (up to 1000 µM was tested, data not shown) and therefore negligible (Fig. 2-II, inset) . Since we cannot rule out that propiverine or propiverine-N-oxide interact with the protein in a different region with respect to the active site, we investigated whether the two compounds induce significant alterations of the rDAAO tertiary structure using circular dichroism (CD) spectroscopy analysis. Thus, rDAAO near-UV CD spectra at different concentrations of propiverine and propiverine-N-oxide (Fig. 2III, IV) were measured: The overall conformation of the flavoenzyme was unaffected by the titration with the two compounds, since no perturbation of the CD signal was detected. Correspondingly, all experiments were performed with hDAAO and provided for comparable results (data not shown). We thus assume that neither propiverine nor its major hepatic metabolite interacts with rDAAO or hDAAO and does not induce detectable changes in the protein tertiary structure.
Propiverine induces loss of peroxisomal rDAAO localization and changes peroxisomal size
To better characterize rDAAO accumulation, we visualized cytosolic and nuclear rDAAO in renal sections via fluorescence staining methodology (Fig. 3-I , A-C red channel). Whereas rDAAO demonstrated a punctuate distribution in control animals ( Fig. 3-I, A) , we observed a dose-dependent increase in rDAAO accumulation in nuclei and cytosol after propiverine treatment (Fig. 3-I , B and C). Using the peroxisomal marker ABCD3 (ATP-binding cassette subfamily D, member 3)-a peroxisomal membrane proteinwe confirmed that rDAAO is located in the peroxisomes of control rats (Fig. 3-I, A, overlay) . Propiverine treatment, however, induced a shift in rDAAO localization from the peroxisomes to the cytosol and the nucleus, resulting in a complete loss of peroxisomal rDAAO (Fig. 3-I , B and C, overlay). Nuclear accumulations of rDAAO were identified in every nucleus of affected renal proximal tubules (Fig. 3-I , B and C; Fig. 3-II) . In contrast, the number of cytosolic rDAAO accumulations appeared to increase dose-dependently (Fig. 3-I , B and C). Intranuclear rDAAO inclusions were surrounded by a halo suggestive of chromatin displacement (Fig. 3-II) . Consequently, we quantified the size of nuclei with or without rDAAO accumulation and demonstrated that intranuclear rDAAO inclusions did not affect nuclear sizes (Fig. 3-III) . Realizing that propiverine treatment resulted in a subcellular redistribution of rDAAO, we asked whether lack of rDAAO integration into peroxisomes would affect peroxisomal size. Indeed, we observed a significant propiverine-dose-independent decrease in peroxisomal size (Fig. 3-IV) . Peroxisomes in tubules containing rDAAO accumulations showed about a twofold decrease in size compared to peroxisomes in control animals (Fig. 3,  IV) . Taken together, propiverine not only induced a translocation of rDAAO into nuclei and a dose-dependent accumulation in the cytosol, but also a dose-independent reduction of peroxisomal size, reminiscent of an all or nothing effect.
Propiverine-induced mislocalization of peroxisomal catalase
In view of the propiverine-mediated translocation of peroxisomal rDAAO, we asked whether the subcellular distribution of other peroxisomal proteins (e.g., catalase) is also affected. Accordingly, we co-stained rat kidney sections for rDAAO and catalase (Fig. 4) . In control animals, catalase staining revealed a punctuate distribution which partially colocalized with rDAAO (Fig. 4A , yellow overlay). Using confirmatory immunofluorescence staining with antibodies to the peroxisomal membrane protein ABCD3, we were able to demonstrate that indeed both catalase and rDAAO were colocalized in renal proximal tubule peroxisomes of control animals (Suppl. Fig. 1A) . Noteworthy, in propiverine-treated rats, although catalase was still partly present in peroxisomes (Suppl. Fig. 1B) , it still largely colocalized with rDAAO in cytosolic and nuclear accumulations (Fig. 4B, overlay) . This suggested a partial translocation of catalase from peroxisomes or abrogated peroxisomal import from the cytosol, similar to that observed for rDAAO. In summary, propiverine treatment resulted in the mislocalization of two peroxisomal proteins, DAAO and catalase, in rat renal proximal tubule cells.
Effects of propiverine on degradation pathways
Having found that propiverine treatment induced the mislocalization of rDAAO and catalase, we asked whether these proteins are subject to impaired degradation, thereby resulting in a protein overload. In view of the fact that proteins can be degraded via the lysosomal-endosomal or the proteasomal pathway, we first analyzed whether cytosolic rDAAO accumulations are located in renal proximal tubule lysosomes. Therefore, rat kidney sections were stained for both rDAAO and the lysosomal-associated membrane protein 2, LAMP2 (Fig. 5-I ). LAMP2 staining demonstrated punctuate staining in control and propiverine-treated animals (Fig. 5-I ). However, while in control animals rDAAO was partly localized in lysosomes (Fig. 5-I, A) , the rDAAO accumulations observed in propiverine-treated rats did not colocalize with, nor were they surrounded by LAMP2 (Fig. 5-I, B) . As an additional control, we co-stained with an α2u-globulin antibody (Fig. 5-II) . As denoted earlier, α2u-globulin is a prominent male rat urinary protein which is nearly exclusively degraded in renal lysosomes (Read 1991) . As expected, α2u-globulin accumulations were highly prominent in the cytosol of both control and propiverine-treated male rats (Fig. 5-II) . Of importance, however, was the observation that rDAAO did not colocalize with α2u-globulin, thus confirming that rDAAO is not located in lysosomes (Fig. 5-II, B) . More importantly, we did not observe translocation of α2u-globulin into the cytosol or the nuclei in propiverine-treated rats, suggesting that propiverine neither affected targeting of α2u-globulin, nor the uptake of α2u-globulin into the lysosomes (Fig. 5-II,  B) .
As above data indicated that rDAAO accumulations are not located within lysosomes, we determined whether the proteasomal degradation pathway could be impacted by propiverine treatment. For this, we analyzed proteasomes and rDAAO in renal sections of control and propiverinetreated rats (Fig. 5-III) . This immunostaining revealed that the majority of 20S proteasomes are located within the Effects of propiverine on degradation compartments and on proteasomal activity. Confocal microscopy of kidney sections of control and propiverine-treated male F344 rats. I Co-staining of rDAAO and lysosomal-associated membrane protein 2 (LAMP2). II Costaining of rDAAO and lysosomal α2u-globulin. III Co-staining of rDAAO and 20S proteasome. Scale bar 20 µm, scale bar in magnification boxes: 5 µm. prop. propiverine. IV Cell-free proteasome activity assay with rat, human and mouse 20S proteasomes, respectively, at increasing concentrations of propiverine and its major metabolite propiverine-N-oxide. Proteasomal inhibitor MG132 was used as positive control for proteasomal inhibition. Release of fluorophore βNA was measured using a fluorescence reader. n = 3 with 6 technical replicates. Data represent mean ± SEM 1 3 nuclei in proximal tubule cells of F344 rats (Fig. 5-III , costaining with Hoechst). Moreover, no change in the intensity of proteasomal staining upon propiverine treatment was observed, suggesting that proteasomal expression was not altered (Fig. 5-III, B) . In addition, staining with an antibody against mono-and polyubiquitylated conjugates (FK2) pointed to ubiquitylation of proteins within the cytosolic and nuclear accumulations (data not shown). As rDAAO and 20S proteasomes are both localized within nuclei of propiverine-treated rats (Fig. 5-III, B) , we determined whether propiverine could inhibit proteasomal activity thereby resulting in the nuclear accumulation of peroxisomal proteins, e.g., rDAAO and catalase. Therefore, we performed a cell-free proteasome activity assay using fluorogenic peptide substrates of the caspase-and chymotrypsin-like activity of the 20S proteasome, respectively (Fig. 5-IV) . The proteasomal inhibitor MG132 efficiently inhibited the caspase-like activity of the 20S proteasomes of rats, humans and mice (Fig. 5-IV) . In contrast, neither propiverine nor its major metabolite propiverine-N-oxide decreased the proteasomal activity at any of the concentrations tested (Fig. 5IV) . Comparable results were obtained using substrates for the chymotrypsin-like activity (data not shown). Taken together, we verified that rDAAO accumulations are not located in lysosomes. Moreover, we demonstrated that neither propiverine nor its major metabolite impaired proteasomal degradation by acting as proteasomal inhibitors.
Discussion
In general, protein accumulation in the proximal tubule can be caused by several reasons: First, the expression of the accumulating protein is increased (Tyedmers et al. 2010) . Second, the expressed or reabsorbed protein is difficult to hydrolyze as estimated by a long half-life (Hard et al. 1993) . Third, the catabolic capacity, consisting of lysosomal and proteasomal activity, is sufficiently reduced (Hard et al. 1993) . In context with the latter, the apparently species-specific DAAO accumulation in the renal cortex of rats with the exposure to propiverine and other compounds (Gopinath et al. 1987; Hard and Snowden 1991; Dietrich et al. 2008; Radi et al. 2013; Shimoyama et al. 2014 ) is reminiscent of the well-known species-and sex-specific accumulation of α2u-globulin in rats, also causally related to the exposure to numerous chemicals (Swenberg 1993) . Contrary to α2u-globulin, which is synthesized in the liver of male rats under androgenic control and reabsorbed in the proximal tubules (Borghoff et al. 1990 ), DAAO appears to be transcribed and translated in the proximal tubule proper (Konno et al. 1997) . Treatment of rats with propiverine did not increase renal proximal tubule rDAAO mRNA level (Heussner et al. 2016) , thus excluding increased gene expression as a potential explanation of the propiverine-mediated rDAAO accumulation. However, both DAAO and α2u-globulin inherently have a long half-life (hDAAO: approx. 60 h (Cappelletti et al. 2013); α2u-globulin: approx. 6 h (Lehman-McKeeman et al. 1990) ), whereby binding of chemicals to α2u-globulin extends this half-life markedly and exacerbates the accumulation of α2u-globulin in the lysosomes of exposed male rats (Swenberg et al. 1989; Lehman-McKeeman et al. 1990; Frazier et al. 2012) . Consequently, we investigated whether propiverine interacts with DAAO in vitro, thus resulting in the cytosolic and nuclear DAAO accumulations observed in vivo. However, contrary to expectations, our results clearly demonstrated that propiverine and its major metabolic propiverine-N-oxide do not bind to rat or human DAAO or changed the tertiary structure of the enzyme, thus unlikely affecting DAAO stability. As the rDAAO amino acid sequence contains a bona fide and a putative chaperone-mediated autophagy (CMA)-targeting motif, as does α2u-globulin (Dice 1990; Cuervo et al. 1999) , we determined whether propiverine treatment could affect lysosomal trafficking of renal proteins thus resulting in the mislocalization of α2u-globulin and/or rDAAO. However, we did not observe an overt redistribution of α2u-globulin nor a specific translocation of α2u-globulin into the nuclei of propiverine-treated rats, suggesting that propiverine did not affect the integration of α2u-globulin into lysosomes. Moreover, despite the presence of a CMAtargeting motif, we did not detect rDAAO in lysosomes of propiverine-treated rats, thus suggesting that propiverine does not affect lysosomal trafficking and that lysosomal degradation plays only a minor role in the catabolism of rDAAO. In contrast, we did observe a propiverine-mediated shift of rDAAO from a peroxisomal to a nuclear and cytosolic localization. The latter observation was coupled with a decreased mean peroxisomal size. Generally, peroxisomes are known to be highly variable in size, shape, number and protein content (Fransen 2012) ; nevertheless, to the best of our knowledge, a significant decrease in peroxisomal size after drug administration was not reported so far for mammalian cells. Interestingly, it is reported that peroxisomal proteins can be differentially localized within the cell depending on differential splicing, multiple targeting signals or phosphorylation (Fordor et al. 2012; Ast et al. 2013) . However, dual localization of peroxisomal proteins was predominantly reported to occur into the cytosol and into mitochondria (Ast et al. 2013) , merely one study in yeast described nuclear translocation of a peroxisomal NAD + -dependent glycerol 3-phosphate dehydrogenase (Jung et al. 2010) . The concurrent analysis of the intracellular distribution of catalase, another peroxisomal protein, demonstrated a comparable propiverine-mediated mislocalization from the peroxisomes to the cytosol and nucleus, thereby suggesting the presence of more generalized compound-mediated reduced or abrogated translocation to or import of peroxisomal proteins into peroxisomes. It is important to note that catalase, similar to DAAO and α2u-globulin, is a protein with a long half-life (30 h) (Poole et al. 1969) , thus lending support to the initial assumption that compound-induced changes in protein handling of long-lived proteins will lead to their prominent accumulation (Hard et al. 1993) . The nearly double half-life of DAAO, when compared to catalase, may also explain why the accumulation of rDAAO in the cytosol and nuclei appeared more prominent than that of catalase.
The question, however, remains, why the peroxisomal rDAAO and catalase were found in the nuclei of propiverine-treated rats. Given the fact that neither DAAO nor catalase contains an intrinsic nuclear translocation signal and has a molecular size that renders passive diffusion through nuclear pores unlikely, we speculate that the accumulating proteins either entered the nucleus by piggybacking or by active import. The latter, however, would imply that these proteins are actively imported as a result of the inhibition of their original function and thus were marked for protein degradation. Indeed, recent studies provide compelling evidence that cytosolic misfolded proteins are actively imported into the nucleus for proteasomal degradation (Prasad et al. 2010; Park et al. 2013; Shibata and Morimoto 2014) . Having found that the major fraction of 20S proteasomes is located in nuclei of both placebo-and propiverinetreated F344 rats and that the BioGRID interaction database provides evidence that DAAO interacts with KLHL42, a substrate-specific adapter of an E3 ubiquitin-protein ligase,
1 we wanted to demonstrate that proteins, e.g., DAAO and catalase are imported into the nucleus for proteasomal degradation. Co-staining with antibodies against mono-and polyubiquitylated conjugates indicated that cytosolic and nuclear protein accumulations are positive for ubiquitin (data not shown). This is in line with the fact that hDAAO was shown to be ubiquitylated in glioblastoma cells (Cappelletti et al. 2013) . Concurrent manipulative in vitro experiments also demonstrated that proteasomal inhibition resulted in a comparable cytosolic and nuclear accumulation of DAAO (Luks et al., unpublished data) . Based on the latter finding, we raised the question whether propiverine could not only affect peroxisomal protein trafficking, but also could act as a proteasomal inhibitor. The subsequent in vitro analyses employing rat, human and mouse 20S proteasome preparations, respectively, however, demonstrated that neither propiverine nor its major 1 http://thebiogrid.org/107980, 20.11.15. metabolite propiverine-N-oxide had any inhibitory effect on the 20S proteasome.
In conclusion, we could rule out similarities between α2u-globulin droplet formation and rDAAO accumulation in rat kidney. In addition, we provide the first direct evidence that propiverine decreases peroxisomal size of rat proximal tubule cells. Co-staining of rDAAO and catalase revealed that the propiverine-induced protein accumulations do not consist of solely one protein and involve other peroxisomal proteins. These findings therefore strongly suggest that propiverine treatment affects the intracellular localization and/or peroxisomal trafficking of long-lived peroxisomal proteins such as rDAAO and catalase. Moreover, the fact that compounds other than propiverine were also shown to induce above protein accumulation may suggest that this describes a much broader phenomenon. Thus, elucidating the underlying mechanism of rDAAO accumulation will provide a better understanding of species-specific findings during non-clinical drug safety testing and will therefore result in an improved human health risk assessment. Indeed, since DAAO has been a pharmacological target , the suggested differences in propiverineinduced accumulation between rats and humans also raise questions regarding the appropriateness of rats as a model system for testing new drugs for the treatment of schizophrenia and neuropathic pain (Frattini et al. 2011) .
